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Abstract
A range of synthetic calcium arsenate minerals has been produced including, haidingerite, 
pharmacolite, weilite, guerinite, johnbaumite and a calcium arsenate phase.  While the IR 
spectra of these compounds resemble those of the natural minerals, the XRD patterns are 
not always identical.  These anomalies are interpreted as being due to polymorphs or 
compounds with variable water contents.
The precipitated calcium arsenate compounds were found to have very high solubilities 
(up to 3500mg/L As in TCLP filtrates) which would make them unsuitable for disposal as 
industrial waste.  Calcium arsenate compounds are inherently unstable in the 
environment; however, there is evidence that conditions where there is an absence of 
moisture and in the presence of excess lime may provide some degree of long term 
stability.  
Introduction
Arsenic(V) can be easily precipitated from acidic industrial effluents as either iron or 
calcium arsenate compounds by lime neutralisation.  The ferric-arsenate-type phases are 
precipitated at pH's significantly lower than calcium arsenates (pH 1-2 vs pH 3-4)1. 
Therefore as long as there is sufficient iron in solution (Fe:As >1:1) the arsenic should 
generally be preferentially removed as ferric arsenate-type compounds.  However, in iron 
deficient solutions (Fe:As <1:1) precipitation of calcium arsenate compounds will take 
place.   
The Ca-AsO4-H2O system has been studied by a number of workers2-10, mainly at 
temperatures below 100˚C, who found the formation of a number of calcium arsenates 
which resemble natural minerals.  Some variation in the composition of the precipitates 
was noted and it was suggested that this was due to the formation of metastable 
compounds, which were variable in hydration state.  Compositional variations appeared 
to be more marked at low temperatures and pH's.  
Robins and Tozawa11 considered the influence of carbon dioxide on the solubility of 
tricalcium arsenates and concluded that atmospheric carbon dioxide enhanced their 
solubility due to the formation of calcium carbonate.  Further work on the calcium 
arsenate system and calcium-arsenate-carbonate-water system at 25˚C which supported 
these findings was carried out by Nishimura et al.12, 13.
Studies of naturally occurring arsenic minerals indicate that calcium arsenate (i.e. As(V) 
minerals) predominate over arsenite (i.e. As(III)) minerals (Table 1), and it is inferred that 
the former are more stable in the natural environment and thus will have lower 
solubilities.  Likewise iron arsenate minerals predominate over calcium arsenates, 
reflecting the greater stability of the iron compounds.  This is supported by solubility test 
results on synthetic calcium and iron arsenate compounds14.  The influence of carbon 
dioxide on calcium arsenates also plays an important role in the survival of these minerals 
in the natural environment and accounts for their apparent low abundance in arsenical 
weathering products.  Carbon dioxide not only lowers the pH of alkaline solutions but 
also combines with the calcium in calcium arsenate compounds to form calcite which is 
more stable.  Calcium arsenates may nevertheless be found in some oxidised arsenical 
ores and waste dumps; the reason for this may be alkaline conditions where the dump 
material or the local country rock contains a high calcium content.  
This paper documents the findings of a study on synthetic calcium arsenate compounds 
precipitated hydrothermally from solutions at various pH's and temperatures up to 225˚C. 
The solubilities of these compounds have been measured and these data are discussed in 
relation to the stabilisation of calcium arsenate compounds in waste disposal situations. 
Mineral name Theoretical composition Ca:As
(M)
Weilite CaHAsO4 1:1
Haidingerite CaHAsO4.H2O 1:1
Pharmacolite CaHAsO4.2H2O 1:1
Saintfeldite Ca5H2(AsO4)4.4H2O 5:4
Vladimirite Ca5H2(AsO4)4.5H2O 5:4
Guerinite Ca5H2(AsO4)4.9H2O 5:4
Ferrarisite Ca5H2(AsO4)4.9H2O 5:4
Machatschkiite Ca3(AsO4)2.9H2O 3:2
Rauenthalite Ca3(AsO4)2.10H2O 3:2
Phaunouxite Ca3(AsO4)2.11H2O 3:2
Johnbaumite Ca5(AsO4)3OH 5:3
Table 1  List of naturally occurring calcium arsenate minerals
Methodology
Synthetic calcium arsenate solutions were made by mixing 0.5M Ca(NO3)2.4H2O and 
0.25M As2O5 solutions in the ratio 1:1.  The initial pH's of the solutions (up to pH 12) 
were adjusted using lithium hydroxide.  The solutions were sealed in glass test tubes and 
heated in an autoclave at temperatures up to 225˚C for 24hrs.  After cooling, the tubes 
were opened and the solids were separated and thoroughly washed with water to remove 
any soluble components.  The solids were air dried in a dessicator and the samples 
characterised using a combination of IR, DTA-TG, XRD and bulk chemical analysis. 
The relative solubilities of the synthesised compounds were determined by using the EPA 
TCLP test (US Environmental Protection Agency, Toxicity Characterisation Leach 
Procedure).  The test solutions consisted of a buffered acetic acid solution (glacial acetic 
acid and NaOH) at pH 4.93, liquid:solid ratio - 20:1, which were agitated for 20hrs at 
30rpm (end-over-end bottle agitation).  Due to the limited amounts of synthesised solids 
that were available, only 0.5g solids were used in the TCLP tests14.
Synthetic calcium arsenate minerals
The Ca-AsO4-H2O system at elevated temperatures (>100˚C) has not previously been 
studied.  The system is complex in that the types of compounds precipitated are 
dependent on the pH of the starting solutions (see Table 2).  It was therefore necessary to 
determine the distribution of phases in this system as a function of both temperature and 
pH.
The molar Ca:As ratios of the solids synthesised were found to be independent of 
temperature, below pH7 these were about 1, whereas above pH7 the Ca:As ratios of the 
solids increased.  This indicated an important change in composition of the precipitate 
from a haidingerite to a guerinite-type compound (Ca:As 1:1 to 1.25:1)(see Table 3).
Formula Ca(%)
AsO4
(%)
Ca:As
(M)
Constitutio
nal
Water (%)
Water of 
Hydration 
(%)
* CaHAsO4 22.2 77.2 1 5.0 0
# 200˚C 
pH7
21.5 77.2 0.98 5.0 0
* 
CaHAsO4.H
2O
20.2 70.2 1 4.5 9.1
# 50˚C pH6 19.6 73.1 0.94 4.0 10.0
* 
CaHAsO4.2
H2O
18.6 64.3 1 4.2 16.7
# 20˚C pH6 18.8 65.3 1 2.5 16.5
* 
Ca3(AsO4)2
30.2 69.8 1.5 0 0
# 225˚C 
pH7
26.8 74.6 1.25 1.2 0
* 
Ca5H2(AsO
4)4
26.4 73.3 1.25 2.3 0
# 50˚C pH8 22.1 60.1 1.27 1.0 0
Note - Water contents determined by DTA-TG 
 # Synthesis conditions for compounds comparable to natural minerals
Table 2  Theoretical (*) and actual (#) compositions of precipitated calcium arsenate 
compounds
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Fig. 1  Comparison between the IR spectra of synthetic and naturally occurring 
calcium arsenate compounds
At low temperatures (<100˚C) and pH's of 7 and below, the solids are composed of 
partially hydrated CaHAsO4-type compounds (Table 3).  These compounds contain 
16-20% of weakly adsorbed water which is released at ~100˚C and they also show a 
1-2% mass loss at 320˚C, which is due to the decomposition and release of water from 
the HAsO4 functional group.  While the compounds do not have known XRD patterns, 
their IR spectra closely resemble those of some natural minerals (see Fig. 1 and Table 3), 
in particular haidingerite, pharmacolite and guerinite (CaHAsO4.H2O, CaHAsO4.2H2O 
and Ca5H2(AsO4)4.9H2O, respectively).  As determined by DTA-TG, the water in the 
synthesised compounds appears to be only weakly bound and is removed in the 
temperature range 100-400˚C.    
Temperature Precipitation pH
of 
synth
esis 
(˚C)
3 4 5 6 7 8 9 10 11
20 P P P P H G G/F G? G?
50 P P H H H G G G G
75 P nd H H P G G G G
100 P nd W W W W G? G JB 
125 P W W W W W JB JB JB 
150 nd W W W W W JB JB JB 
175 W W W W W W JB JB JB 
200 W W W W W W JB JB JB 
225 CA CA CA CA CA CA JB JB JB 
W - weilite,  G - guerinite,  P - pharmacolite,  H - haidingerite, JB - johnbaumite
CA - Ca-arsenate, F - ferrarisite,  nd - not determined,
Table 3  Distribution of phases in the Ca-AsO4 system at elevated temperatures and 
pH as determined by IR and XRD
At precipitation temperatures above 100˚C, the solids are very different from the lower 
temperature precipitates and have no water of hydration.  The DTA-TG patterns reveal a 
4.5 - 5% mass loss at around 330˚C which represents the breakdown of the HAsO4 unit to 
As2O7 with release of the constitutional water.  The predominant compound is considered 
to be similar to weilite (CaHAsO4).  The IR patterns, while similar to the naturally 
occurring mineral, do have some anomalous peaks (Fig. 1).  The solids synthesised at 
225˚C have distinct IR and DTA-TG patterns and show a negligible mass loss on heating. 
This represents an arsenate which contains low levels of constitutional water and has a 
composition considered to be Ca3(AsO4)2.  The XRD patterns obtained for a number of 
solids precipitated at pH's less than eight generally did not compare identically with 
known compounds.  The reason for this is thought to be due to slight variations in the 
water content in the structure of the compounds or to polymorphic forms.  
During lime neutralisation of low iron arsenical solutions, arsenic will initially be 
precipitated as a compound having the pharmacolite/haidingerite structure but this will 
change progressively towards the guerinite structure as the solids reequilibrate as the pH 
rises.  The grain sizes of the compounds formed at ambient temperature are sufficiently 
fine to allow them to change composition readily .
Solubility of solids
The relative solubilities of the individual calcium-arsenate solids as indicated by the 
arsenic concentrations in the TCLP test filtrates are given in Table 4.  The results show 
that the calcium arsenate compounds are significantly soluble at all temperatures and 
synthesis pH's.  The arsenic levels in solution on testing of the calcium arsenate 
compounds are around 2500-3500mg/L while iron arsenates formed under comparable 
conditions show solubilities which are generally less than 1% of these values (Table 5). 
Calcium arsenate compounds that have been produced hydrothermally and subsequently 
calcined at elevated temperature are claimed to be of a low solubility12.  However, such 
compounds will still be susceptible to carbonation and on prolonged exposure to moisture 
can be expected to show significant solubilities.
Precipitation Precipitation pH
Temp.
(˚C)
pH6 pH7 pH8 pH9 pH10 pH11
25 3400 3150 950 1012 1222 1072
50 nd 3120 2990 nd 2162 nd
75 4355 3740 3686 nd 2376 nd
100 nd 2190 2260 2946 3596 3298
125 3280 nd 2615 2714 3558 nd
150 3610 2870 2710 nd 2234 2218
175 3330 2800 2485 1650 2652 nd
200 nd 2170 3010 nd 2108 2224
225 2535 2865 2360 nd 2022 2074
nd - not determined as insufficient sample was produced
note - insufficient amount of solid was precipitated at pH's<6 for testing
Table 4  Relative solubilities using the EPA TCLP test of calcium-arsenate 
compounds precipitated at different temperatures and pH's (Results reported as As 
mg/L in filtrate)
Solubility tests where lime is used to adjust the pH usually give lower arsenic solubilities 
than those found when using sodium hydroxide.  This apparent stabilising effect on 
arsenical compounds can be explained by the presence of calcium ions, sulphate ions or 
gypsum in the test solutions.  Khoe et al.16 studied the effect of calcium on the adsorption 
of arsenic on ferrihydrite by using calcium nitrate as the additive compound.  They 
showed that increasing the initial calcium concentration consistently lowered the 
dissolved arsenate levels in alkaline conditions, but they found that sulphate did not play 
a significant role.  It was shown that calcium ions adsorb on to the ferrihydrite at elevated 
pH's.  They found also that lead, magnesium and cadmium are as effective as calcium at 
reducing dissolved arsenic concentrations at high pH when present at similar molar 
concentrations (mole ratio of cation/Fe, of 0.2).  
Synthetic mineral-type Relative solubility (As mg/L in 
filtrate )*
Iron arsenates
Scorodite <5
Type-1 5 - 85
Type-2 <5
Type-3 <30
Calcium arsenates
Haidingerite   ÷ 
Pharmacolite  ʺ″ 
3120 - 4360
Guerinite 950 - 3680
Weilite 2170 - 3610
Ca-arsenate 1650 - 3600
* relative solubility using the US EPA TCLP test on the synthetic compounds
Table 5  Relative solubilities of synthetic calcium and iron arsenate compounds15
Metallurgical significance
The solubility testing of the range of synthetic calcium arsenate compounds prepared 
hydrothermally showed that they are all are highly soluble.  However, solubility tests on 
Ca-AsO4 samples containing excess free lime show apparent solubilities of <0.1mg/L12. 
This effect is apparently due to a common ion effect where high calcium ion 
concentrations in the test solutions inhibit the dissolution of the calcium arsenate salts.
However, calcium arsenate compounds may be stable in the presence of high calcium ion 
concentrations, if the buffering action of excess lime in the solids is reduced through 
carbonation or is removed due to its high solubility, the pore solution characteristics will 
change.  Similar mechanisms would also be expected to occur within cements in which 
arsenical compounds may be encapsulated.  However, the excess lime in the cement 
would act as a large calcium reservoir and maintain the high pH and calcium ion 
concentration for a considerable period17.  
In an open system with access to moisture and air, the lime and calcium arsenates are 
thermodynamically unstable owing to their solubility and the susceptibility to carbonation 
of the former.  Carbonation is promoted by moisture content, therefore keeping the 
material dry or sealing it off from the atmosphere may well slow down chemical 
reactions.  Evidence for this comes from studies of mortars and cements in which free 
lime is a main component.
Carbon dioxide present in the atmosphere reacts, in the presence of moisture with lime-
bearing cement to form calcite.  During the hardening of lime mortars it is the 
carbonation reaction that hardens the material, but the CO2 is impeded from penetrating 
into the interior of the mortar because of the carbonate crust that is formed on the mortar 
surface.  Evidence of free lime hydrate in the interior of mortars that are hundreds of 
years old is common18.  Complete decomposition of calcium compounds in hydrated 
cements is chemically possible if the cement is sufficiently porous, but in compacted 
cements carbonation penetrates beyond the exposed surface only very slowly.  During 
carbonation the calcite reaction products seal the micropores and inhibit mass transport 
by reducing the permeability19.  The natural analogue to this is when water, carbon 
dioxide and oxygen move through a mineral-rock-system, the growth of secondary 
minerals reduce the porosity and restricts access by fluids and ultimately seal pore 
volumes.  Growth of suitable secondary minerals in dumps containing lime-rich calcium 
arsenates could therefore be beneficial in some cases by slowing down chemical reactions 
thus reducing the amount of arsenic released.
Conclusion
The purpose of this paper has been to outline some of the findings of our synthesis 
programme and to apply this to metallurgical related samples.  The mineralogical record, 
with regard to the calcium arsenates minerals, confirms the theoretical and experimental 
findings on the stability of calcium arsenate precipitates.  These compounds have high 
solubilities and would not be expected to be stable on prolonged exposure to moisture. 
The effect of carbon dioxide on these compounds would also promote their breakdown 
with the conversion to calcium carbonate and the release of arsenic.
Discarded calcium arsenate solids must comply with regulations concerning the dumping 
of toxic waste materials.  The long term stability of such residues is usually evaluated 
using thermodynamic behaviour which assumes equilibrium conditions.  Theoretical 
models can indicate the ultimate fate of a residue provided the parameters that could 
influence the system are predictable and quantifiable.  Calcium arsenate compounds are 
inherently unstable in the environment, however, in the absence of moisture and with 
excess lime they may be adequately stabilised.  No quantitative kinetic data is currently 
available on the rates of transformation to calcite.  However, some circumstantial 
evidence on their long term stability comes from studies of mortars and cements in which 
free lime is a main component.  The available evidence on the exposure of lime-
containing materials to the atmosphere shows that these can in certain circumstances be 
stable.  Therefore the stabilisation of calcium arsenate compounds with lime should 
provide some degree of long term stability.  
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